Myoferlin (MYOF) is a member of the evolutionarily conserved ferlin family of proteins, noted for their role in a variety of membrane processes, including endocytosis, repair, and vesicular transport. Notably, ferlins are implicated in Caenorhabditis elegans sperm motility (Fer-1), mammalian skeletal muscle development and repair (MYOF and dysferlin), and presynaptic transmission in the auditory system (otoferlin). In this paper, we demonstrate that MYOF plays a previously unrecognized role in cancer cell invasion, using a combination of mathematical modeling and in vitro experiments. Using a real-time impedance-based invasion assay (xCELLigence), we have shown that lentiviral-based knockdown of MYOF significantly reduced invasion of MDA-MB-231 breast cancer cells in Matrigel bioassays. Based on these experimental data, we developed a partial differential equation model of MYOF effects on cancer cell invasion, which we used to generate mechanistic hypotheses. The mathematical model predictions revealed that matrix metalloproteinases (MMPs) may play a key role in modulating this invasive property, which was supported by experimental data using quantitative RT-PCR screens. These results suggest that MYOF may be a promising target for biomarkers or drug target for metastatic cancer diagnosis and therapy, perhaps mediated through MMPs.
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cancer invasion | RNAi | partial differential equation models | metastasis A majority of cancer deaths are related not to the primary tumor itself, but rather the formation of disseminated metastases (1) . Cancer spread requires that cells achieve atypical motility, which enables them to invade surrounding tissues and vessels of the blood and lymphatic systems (2) (3) (4) . Thus, understanding the mechanisms and signaling processes that lead to invasive cell behavior may lead to new therapeutic approaches for controlling and treating cancer.
The fundamental mechanisms of invasive cancer cell movement are largely conserved across a wide range of cell types, with some of the protease dependent and protease independent movement types demonstrated by cancer cells also seen in organisms as diverse as unicellular organisms, slime molds, and white blood cells. The ferlin family is an evolutionarily ancient family of proteins (5) , which are known to affect processes crucial to migration and invasion, including membrane fusion and repair, vesicle transport, endocytosis, protein recycling and stability, and cell motility (6) (7) (8) (9) (10) (11) (12) (13) . Thus, one might expect the ferlin family to be good candidates for cancer proteins, although they have not previously been investigated in this capacity. In Caenorhabditis elegans, spermatozoa exhibit amoeboid movement, and mutations in the fer-1 gene [an orthologue of myoferlin (MYOF)] result in immobility and infertility (13) . In humans, MYOF has been implicated in a variety of cellular processes, including myoblast fusion, growth factor receptor stability, endocytosis, and endothelial cell membrane repair (6, 8, (10) (11) (12) ; however until now its role in cancer cell movement has not been explored. Although information on MYOF is currently limited, it has been shown to be upregulated in breast cancer biopsies (14) and expressed in breast cancer cell lines (15) . Immunohistochemical evidence available from the Human Protein Atlas (16) suggests that MYOF is strongly expressed in several cancer types including colorectal, breast, ovarian, cervical, endometrial, thyroid, stomach, pancreatic, and liver cancer (14, 15, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) .
To explore the function of MYOF in cancer, a stable line of MYOF-deficient malignant breast carcinoma cells (MDA-MB-231) was generated using lentivirus-based delivery of shRNA constructs targeting human MYOF mRNA (Sigma). A stable, lentiviral control cell line was generated in tandem using lentiviral particles carrying a nonhuman gene targeting shRNA (Sigma). MYOF depletion was validated by immunoblotting (SI Appendix, Fig. 2 ). We used an electrode-impedance-based invasion assay [xCELLigence (27) ] to probe the effect of MYOF deficiency on cell invasion. Compared to the control MBA-MB-231 cells, MYOF-knockdown (MYOF-KD) cells exhibited reduced invasive capacity (28) .
Motivated by these experimental results, we developed a mathematical model that examines the role of MYOF in cancer cell invasion. Because relatively little is known about the function of MYOF in cancer, there is a useful opportunity for mathematical modeling to suggest hypotheses, which can then be tested experimentally. The model is described by a system of partial differential equations (PDEs). It builds on previous work on cancer cell migration/invasion (29) , now incorporating a submodel for MYOF-mediated growth factor receptor recycling.
Using multiple MYOF-related datasets (8-12), we determined several parameters which differed between wild-type/control and MYOF-deficient cells. Our simulations suggest that one key parameter-the matrix metalloproteinase (MMP) production rate-is enough to reproduce the experimental data showing reduced MYOF-KD cell invasion. Based on the mathematical model, we hypothesized that MYOF affects MMP production and/or secretion in MDA-MB-231 cells. Preliminary experimental results thus far confirm our hypothesis. Indeed, pilot PCR results presented in this work show that MMPs may be significantly downregulated by MYOF depletion.
We propose that MYOF may serve as a fundamental player in cancer cell movement, by regulating the local behavior of the plasma membrane and affecting trafficking of receptors and proteins to and from the membrane. In particular, MYOF effects on MMP production and release may be key to its role in regulating tumor cell invasivity. Metastasis requires cancer cells to develop increased invasive capability, suggesting that MYOF may play an important role in the ability of tumor cells to metastasize.
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Mathematical Model Spatial Setup. The conventional modified Boyden chamber setup includes two chambers with a semipermeable membrane between them. There is typically laminin-rich matrix (e.g., Matrigel) on top of the semipermeable membrane, which replicates the ECM, and invasion is measured by the number of cells which invade through the matrix and cross the membrane from the upper to the lower chamber. For the xCELLigence data, the membrane is coupled with a microelectrode array at the bottom of the upper chamber. Cells begin in the upper chamber (Ω in Fig. 1 ), from where they can migrate and invade through the ECM (region S in Fig. 1 ) to reach the microelectrode array. They then cross the membrane/microelectrode array and attach to the bottom side of the array upon crossing. Growth factors (GF) may be introduced in the bottom well below the microelectrode array, to act as a chemoattractant for the cells.
We measure the approximate number of cells which have adhered to the microelectrode array by measuring the change in impedance, the cell index [although we note that cell index is also dependent on other factors, such as cell adhesion and spreading (27) ]. To simulate these conditions, we can use a similar setup as for the conventional modified Boyden chamber simulations given in refs. 29 and 30, with several modifications to incorporate the microelectrode array and measurement of cell index. Full mathematical description and details on the spatial setup and boundary/initial conditions are given in SI Appendix.
State Variable Definitions. We introduce the following variables:
n, density of breast cancer cells (cells∕cm 3 ) Although MMPs are a diverse family of proteins with overlapping yet distinct functions, for simplicity we model their combined effects with the variable P, which represents generic/nonspecific MMP concentration. Similarly, because our experimental data use fetal calf serum as a chemoattractant, the variable G represents a combination of multiple growth factors (further details given in SI Appendix).
Model Equations. The model equations are based on the model variable interactions shown in Fig. 2 . MYOF has been shown in other contexts to affect membrane processes (6, 8, 11) and receptor/protein recycling/transport (10, 12) . Parameters relating to these functions, e.g., receptor recycling parameters, are underlined in Eqs. 1-7, indicating they are considered MYOFdependent. We developed two versions of the cell-related parameters-one for wild-type/control cells and another for MYOF-KD cells, as described below. Matrigel/ECM sits on top of the microelectrode array (indicated by region S).
Fig. 2.
Model for receptor recycling and cell migration and invasion, with processes marked in red affected by MYOF. Cells (n) proliferate, migrate, and invade following these processes, with cell movement dependent on the growth factor gradient (chemotaxis) and the extracellular matrix gradient (haptotaxis).
Eqs. 1-3 constitute the receptor recycling ordinary differential equation (ODE) submodel, collectively representing growth factor receptor binding, internalization, degradation, and return to the cell surface. We assume that all the internalized ligand is degraded so that ligand return to the surface may be neglected. The receptor recycling submodel equations are multiplied by n∕n 0 to scale the concentrations to the local cell density.
The remaining PDEs are largely based on a previous model of tumor growth and movement in a Boyden chamber (29) , updated and with modifications to incorporate MYOF effects and our particular experimental setup. The ECM, in Eq. 4, undergoes degradation by MMP (31) and includes a small remodeling term (30, (32) (33) (34) . In Eq. 5, MMP is produced by the cells to degrade the matrix, and then degrades and diffuses. Because MMP is produced in response to the presence of extracellular matrix, we have modified this term from ref. 29 to be dependent on both n and ρ. Growth factor in Eq. 6 diffuses from below the xCELLigence well bottom, where it binds to free receptors on the cell surface, and is degraded at a constant rate.
Lastly, tumor cells Eq. 7 begin above the ECM in the upper chamber, from which they then undergo dispersion, chemotaxis following the GF concentration gradient, haptotaxis through the ECM, following the ECM concentration gradient, and growth factor dependent proliferation based on the level of surfacebound growth factor (Fig. 2) . Cell proliferation is modeled as logistic growth, to which we add an additional ECM-dependent term to account for additional crowding effects in the presence of ECM (35) . The diffusion constants and other parameters are positive constants.
Parameter Estimation. As discussed above, MYOF is known to affect a variety of membrane processes (6, 8, 11) and receptor/ protein recycling and transport (10, 12) . Thus, we developed two versions of the membrane-related model parameters, underlined in Eqs. 1-7, each characterizing the wild-type/lentiviral control and MYOF-KD cell types represented in our study.
The two versions of the receptor recycling submodel parameters in Eqs. 1-3 were determined by fitting to experimental receptor internalization data from wild-type and MYOF-null myoblasts [MYOF knockout (MYOF-KO)] cells (12) , with the full details of the model parameterization given in SI Appendix. The resulting parameter estimates suggest that MYOF-deficient cells yield decreased GFR production, and increased receptor recycling pathways leading to receptor degradation.
There are three MYOF-dependent parameters in the full PDE model which remain unaccounted for-the MMP secretion rate and the chemotactic and haptotactic sensitivity parameters. As MYOF-KD cells show decreased invasivity compared to wildtype/control cancer cells, we expect these parameters to decrease in the MYOF-KD case. The ODE submodel parameters show
nm ¼ 0.75χ 0 n . As MMP has been shown to associate with MYOF (36) and MMP secretion is directly membrane-related, we would expect that λ 31 will be more strongly affected by the MYOF-KD. Indeed, we found the best fits to the xCELLigence invasion data for a significantly lower value of λ 31m , so that we take λ 31m ¼ λ 31 ∕100. The remaining non-MYOF-dependent PDE model parameters for both the wild-type/control and MYOF-KD cells were determined based on literature values (29, 30, 36, 37 ) (see SI Appendix, Tables 1 and 2 MMP is a Key Target for Myoferlin Effects. We also simulated the cell index for a hypothetical MMP-KD case, where the model parameters were fixed at wild-type/control values except for the MMP production rate, λ 31 , which was set equal to the decreased MYOF-KD value λ 31m . We found that loss of MMP alone was enough to account for most of the changes in cell invasivity seen in MYOF-KD cells (Figs. 3 and 4) .
Preliminary Experimental Validation. Based on these results, we used a PCR array to examine whether MYOF depletion affects MMPs. We found that MMP1 was over 100-fold downregulated in MYOF-KD MDA-MB-231 cells compared to lentiviral controls, matching the model predictions and suggesting that MMPs may indeed be a target of MYOF. Additionally, MYOF has been found to be a substrate for membrane type 1 MMP (MT1-MMP) in MDA-MB-231 cells (38) . These results serve to partially validate our simulation predictions that MMP may be important to MYOF effects on cell invasion.
Myoferlin and Receptor Tyrosine Kinases (RTKs). Because MYOF has been shown to stabilize RTKs such as Tie-2, insulin-like growth factor (IGF) receptors and VEGF receptors (10, 12, 39), we hypothesized that MYOF may provide a generalized mechanism of RTK (and other receptor) stabilization in cancer cells, perhaps by modulating receptor recycling so that vesicles are targeted for recycling rather than the lysosomal degradation pathway [as suggested for myoblast fusion and muscle growth in (12) ]. Thus, we modeled MYOF effects using a generalized receptor, where MYOF-KD affects the recycling/degradation rates for internalized receptors. Preliminary experimental results confirm that phosphorylated forms of several RTKs (EphB4, FGFR2, Hck, IGF-1R, JAK2, tyrosine protein kinase, and VEGFR2) are significantly downregulated in MYOF-KD MDA-MB-231 cells (SI Appendix, Fig. 5 ).
Predictive Simulations of Myoferlin Effects on Chemotaxis and Haptotaxis. Next, we simulated varying concentrations of Matrigel (P) and growth factor (G) to explore how wild-type/control and MYOF-KD cells may behave under a range of experimental conditions. We simulated varying ECM concentrations from 10-100%, and growth factor concentrations for 0.5, 1, and 2 times normal. Simulated MYOF-KD cells showed a more dramatic decrease in invasion than wild-type/control cells, consistent with the significant effects on invasion related parameters in the model (SI Appendix, Fig. 6 ). By contrast, the effects of varying GF were relatively small in both wild-type and MYOF-KD simulations. Simulated MYOF-KD cell invasion was less affected than wild-type/control simulations, perhaps as a result of the decreased sensitivity of MYOF-KD cells to GF due to changes in chemotactic sensitivity and growth factor receptor recycling (SI Appendix, Fig. 7 ).
In Vivo Tumor Growth Simulations. All the models and experimental data persented here thus far have considered cells in vitro. However, we can use the model to explore hypothetical cancer cell behavior in a simulated tumor in vivo, and in particular, to examine how a heterogeneous microenvironment affects cell invasion. We simulated a two-dimensional scenario of a clump of wild-type or MYOF-KD tumor cells surrounded by ECM, using differing diffusion coefficients (normal and 1∕10 normal based on SI Appendix, Table 1 ) on the left and right halves of the domain. In wild-type cells, cell invasion was significantly reduced for lower diffusion coefficients (SI Appendix, Fig. 8 ). MMP followed the invading front of tumor cells, as in the xCELLigence wells simulations. Although GF concentrations were fairly similar for both halves of the domain, bound, unbound, and internalized GF receptor concentrations were quite different for the two diffusion coefficient values. For MYOF-KD cells, tumor invasion was markedly less than in the wild-type case, so that after 24 h, the tumor cells had not significantly invaded the surrounding tissue (SI Appendix, Fig. 9 ). MMP, ECM, and GF levels change less than in the wild type case, and the differences between the two diffusion coefficient microenvironments were less evident, likely due to decreased overall invasion. Discussion MYOF belongs to the evolutionarily ancient ferlin family, which has been associated with a variety of processes important to cell migration and invasion, such as cell motility, growth factor receptor stability, endocytosis, and membrane repair (7-10, 11, 13) . Although MYOF and the ferlin family have not previously been studied for their role in cancer, several reports suggest an association between MYOF overexpression and metastatic cancer (14, 15, (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . In this work we used a combination of mathematical modeling and experimental validation to uncover MYOF as a cancer protein, which we propose may be involved in regulating cancer cell invasion.
We developed a PDE model of MYOF-mediated cancer cell invasion, as a tool to generate hypotheses regarding the mechanisms behind MYOF effects on breast cancer cell invasion. The model extends existing models of cancer cell movement (29, 30) to incorporate receptor recycling and membrane regulatory effects of MYOF, based on experimental results using xCELLigence assays (27) showing that MYOF-KD MDA-MB-231 cells exhibited decreased invasivity (Figs. 3 and 4 , with immunoblot validation of MYOF specific depletion shown in SI Appendix, Fig. 2) .
Model simulations confirm the experimental observation of decreased invasion in MYOF-KD cells (Figs. 3 and 4) , and predictive simulations suggest that MYOF-KD cells may be less able to invade (and thus metastasize) in vivo as well. The model simulations also suggest that the effects of MYOF on cell invasion may be in large part mediated by MMPs, as similar invasion profiles could be obtained in simulation by MYOF-mediated loss of MMP production/secretion alone. Based on these predictions, we proposed that MMPs may be key targets of MYOF, and that the effects of MYOF-KD on tumor cell invasiveness may be due in large part to the loss of MYOF effects on MMP production and/or secretion.
These modeling results led us to survey MMP expression following MYOF-KD. We used quantitative RT-PCR arrays to examine gene regulatory changes in MYOF-KD cells, and found an unexpected link between MYOF and MMPs, namely that loss of MYOF results in 100-fold downregulation of MMP-1, matching model predictions. These results confirm that MYOF does indeed have a significant effect on MMP, and highlight how interactions between experiments and mathematical modeling can provide a fruitful method for generating and testing hypotheses.
In this model we also hypothesized that MYOF may provide a generalized mechanism of RTK stabilization in cancer cells, perhaps via changes in the receptor recycling/degradation pathways (motivated by ref. 12). We have partially confirmed this hypothesis using RTK phosphorylation arrays (SI Appendix, Fig. 5 ). Although the present paper is focused on cancer cell invasion, this process is only one facet of the larger picture of metastasis, which involves a wide variety other processes (including migration, angiogenesis, and proliferation at secondary sites). Subsequent work in progress on migration and other aspects of MYOF in cancer provide an opportunity for this generalized model to be specialized for individual receptors and the interactions between MYOF and RTKs to be further examined.
To conclude, MYOF appears to be a promising target in cancer therapy. Our mathematical and experimental results highlight the connection between membrane trafficking processes and cell invasion, and suggest that MYOF plays a significant role in promoting invasive behavior. Moreover, based on our model predictions together with preliminary experimental validation, we propose that MYOF may play a significant role in regulating MMPs in cancer. Indeed, based on our model predictions, we hypothesize that these effects on MMPs are an important component of the regulatory changes associated with MYOF. Previous studies (29, 40, 41) have highlighted the effects of the tumor microenvironment on cell movement, suggesting that modulating cell adhesion or blocking MMPs may be a way to control and treat cancer. MYOF may be a promising target for such therapeutic approaches, or perhaps a biomarker for metastasis. As more information about the regulatory network of MYOF in cancer is uncovered, our model may be extended to include a dynamic equation for MYOF within a larger protein network, and used to further test potential therapeutic targets.
Materials and Methods
Mathematical Modeling Methods. All model simulations were performed using a finite volume method and clawpack (http://www.amath. washington.edu/∼claw/) with fractional step method (42) as well as the nonlinear solver nksol for algebraic systems. The model equations were solved on a regular uniform spatial grid and an adaptive time step. Simulated cell index was assumed to be proportional to the fraction of cells that reach the well bottom, where we found a proportionality constant of 0.5 matched the experimental data well.
Cell Culture and Generation of Stably Transduced Cell Lines. MDA-MB-231 (American Type Culture Collection, HTB-26) cells were maintained in DMEM with 4.5 g∕L D-glucose supplemented with 10% FBS. Recombinant lentiviral particles containing nontarget control shRNA (SHC002V) and human myoferlin (TRCN0000010628) targeted shRNA in the pLKO.1 vector were purchased from Sigma-Aldrich (MISSION). For lentiviral infection, cells were seeded in 24-well culture plates and incubated overnight at 37°C in 5% CO 2 in a humidified atmosphere. Media was replaced with media containing 8 μg∕mL hexadimethrine bromide (Sigma) and lentiviral particles were added to cultures that were approximately 70% confluent at a multiplicity of infection of 1. After overnight incubation (37°C, 5% CO 2 ), virus-containing supernatant was removed and replaced with complete media and incubated overnight once more. Stably transduced cultures were selected in media containing an appropriate amount of puromycin as predetermined by a puromycin kill curve. Wild-type and MYOF-deficient cells were validated through short tandem repeat profiling at Johns Hopkins University's Fragment Analysis Facility.
Real-Time Invasion Monitoring. The invasion assays were completed on CIM-16 plates with 8 μm pore membranes (Roche). Wells were coated with 20 μL of 20% or 100% Matrigel and allowed to gel at 37°C, 5% CO 2 for 4 h. After 4 h, the wells of the bottom chamber were filled with 160 mL of 10% serum containing media and the top and bottom portions of the CIM-16 plates were assembled together. The assembled CIM-16 plate was allowed to equilibrate for 2 h at 37°C, 5% CO 2 after the addition of 50 μL of serum-free media to the top chamber wells. For seeding, cells were rinsed with PBS, trypsinized for 2 min, centrifuged at 150 g for 3 min, and washed with serum-free DMEM before resuspension in serum-free DMEM. Cells (8 × 10 4 cells∕well) were seeded onto the top chambers of CIM-16 plates and placed into the xCELLigence system for data collection after a 30 min incubation at room temperature. The xCELLigence software was set to collect impendence data (reported as cell index) at least once every hour. Percentage invasion was calculated by the ratio of the cell index of invaded cells (with Matrigel coating) to the cell index of migrated cells (no Matrigel coating).
Quantitative RT-PCR Array. RT 2 Profiler PCR array from SABiosciences was performed for human extracellular matrix and adhesion molecules following manufacturer's protocol. Briefly, total RNA was extracted from lentiviral control and MYOF-deficient MDA-MB-231 cells that had been in culture for 10 consecutive passages using TRIzol reagent (Invitrogen), according to manufacturers' protocol up to the chloroform extraction and centrifugation steps. The resulting aqueous phase was mixed with an equal volume of 70% ethanol and applied to an RNeasy mini column (QIAGEN) and processed according to the manufacturer's protocol with DNase on column digestion. Total RNA was quantified with a NanoDrop 2000, and 1 μg of total RNA from each cell type was reverse-transcribed to cDNA using the RT 2 First Strand Kit (SABiosciences). Equal amounts of diluted cDNA was mixed with LightCycler 480 SYBR Green I Master mix (Roche) and aliquoted to each well of the PCR array plate containing the prefilled gene-specific primer sets, and PCR was performed according to manufacturer's instructions for the Roche LightCycler 480. The LightCycler 480 software (Roche) was used to calculate the threshold cycle (crossing point, Cp) values for all the transcripts in the array. The Cp values were then exported into an Excel-based PCR array data analysis template (SABiosciences) to calculate fold changes in gene expression for pairwise comparisons using the ΔΔCt method (where Ct is threshold cycle).
RTK Array. Initial screen of relative levels of phosphorylation of a panel of RTKs in MDA-MB-231 lentiviral control and MYOF-depleted cells were determined by an antibody array (RayBio Human RTK Phosphorylation Antibody Array 1, RayBiotech, Inc.), using 600 μg∕mL of protein for each cell type and following the manufacturer's protocol. The membranes were quantified by densitometry (Quantity One software, BioRad), with global background substraction of the average value of negative control spots on the array.
